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ABSTRACT
III–V nanowires have recently gained attention as a promising approach to enable monolithic integration of ultracompact lasers on silicon.
However, III–V nanowires typically grow only along h111i directions, and thus, it is challenging to integrate nanowire lasers on standard
silicon photonic platforms that utilize (001) silicon-on-insulator (SOI) substrates. Here, we propose III–V nanowire lasers on (001) silicon
photonic platforms, which are enabled by forming one-dimensional nanowire arrays on (111) sidewalls. The one-dimensional photonic
crystal laser cavity has a high Q factor >70 000 with a small footprint of 7.2 1.0 lm2, and the lasing wavelengths can be tuned to cover
the entire telecom bands by adjusting the nanowire geometry. These nanowire lasers can be coupled to SOI waveguides with a coupling
efficiency> 40% while maintaining a sufficiently high Q factor 18 000, which will be beneficial for low-threshold and energy-efficient
operations. Therefore, the proposed nanowire lasers could be a stepping stone for ultracompact lasers compatible with standard silicon
photonic platforms.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5126721
Silicon photonics has been emerging as a promising platform for
various applications, including chip-scale communications, optical com-
puting, and chemical-, gas-, and biosensing.1–3 Diverse components
constitute silicon photonic chips, such as light sources, photodetectors,
waveguides, couplers, and modulators, whereas light sources are regarded
as one of the most challenging components to integrate since silicon does
not efficiently emit light due to the indirect nature of the silicon bandgap.
Because of this, III–V semiconductors with a direct bandgap at telecom
wavelengths, such as InGaAs and InGaAsP, are typically integrated on
silicon to form light sources. Wafer bonding and flip-chip bonding pro-
cesses are the most extensively used methods to integrate lasers on silicon
photonic chips. However, these processes are costly and time-consuming
since small and expensive III–V wafers need to be transferred onto pat-
terned silicon to fabricate laser architectures.4–6 Another widely studied
approach is directly integrating III–V materials on silicon by epitaxy
techniques. Although direct growth does not require III–V substrates,
directly grown III–V layers are typically defective with low quantum effi-
ciency because of the lattice mismatch between III–V and silicon.7–9
Recently, epitaxy of III–V nanowires on silicon has shown prom-
ise in direct integration of high-quality III–V materials on silicon. The
extremely small interface area between the nanowires and the sub-
strate mitigates the strict requirement for lattice-matching, and thus, it
is possible to grow threading dislocation-free nanowires on silicon.10,11
Furthermore, such a small dimension of nanowires is ideal for fabri-
cating ultracompact light sources on silicon, which can be effectively
coupled to silicon waveguides.12,13 However, one of the challenges in
integrating nanowires on silicon chips is that nanowires typically grow
only along the h111i directions due to the asymmetry in surface energy
with respect to the crystal planes. Although controlled growth of nano-
wires along non-h111i directions has been demonstrated by template-
based approaches or by controlling the growth conditions,14–17 this
either requires additional time-consuming processes to make oxide
tubes or can be applied only to certain material systems. Because cur-
rent silicon photonic platforms typically adopt silicon-on-insulator
(SOI) substrates with a h001i orientation and a 220nm thickness sili-
con layer as a standard,18 the capability to grow vertical nanowires
only along the h111i direction seriously undermines the compatibility
of nanowire-based approaches with current silicon photonics.
To overcome this issue, here we propose an alternative way to
monolithically integrate III–V nanowire array lasers on SOI (001) and
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coupled to silicon waveguides. One-dimensional (1D) photonic crystal
laser cavities are formed by defining (111) sidewalls on 220nm-thick
SOI (001) layers and then growing 1D nanowire arrays on the (111)
planes. These nanowire lasers can operate at telecom wavelengths such
as 1310nm and 1550nm by tuning the cavity geometry and material
composition. The lasers exhibit an extremely small footprint of
<9 1 lm2 and can be coupled to SOI waveguides with a high cou-
pling efficiency >40%, suggesting that the proposed nanowire lasers
could be utilized as ultracompact and efficient light sources for silicon
photonics.
The schematic of the proposed lasers is depicted in Fig. 1(a). A
standard 220nm-thick SOI (001) is employed for the compatibility
with silicon photonic platforms, and a silicon stripe with (111) side-
walls, which is inclined by 54.7 from the surface, is formed by wet
chemical etching, as shown in Fig. 1(b). The other sidewall of the stripe
is etched vertically with a 40nm-thick silicon slab remaining on the
buried oxide layer, which is for cointegration of waveguides, which
will be discussed in the later part of this letter. A 1D nanowire array is
integrated on the wet-etched sidewall, and since smooth (111) side-
walls can be obtained by controlling the wet etching condition, nano-
wires grow vertically with respect to the inclined sidewall. It should be
noted that vertical growth of nanowires on wet-etched (111) sidewalls
has been demonstrated by metal-catalyzed growth on III–V
substrates19 and by random growth on silicon,20 substantiating the fea-
sibility of this approach, while control of their positions on silicon plat-
forms has not been demonstrated yet. Silicon dioxide shows high etch
rate selectivity to silicon in KOH and TMAH solutions, and thus, the
buried oxide layer will act as an etch-stop layer and ensure the forma-
tion of smooth (111) sidewalls.21
The nanowires ordered along the x-axis in Fig. 1(a) constitute a
1D photonic crystal. It has been already shown that 1D photonic crys-
tals with artificial defects can exhibit high quality (Q) factors, for both
hole-type22 and rod-type23 structures, while occupying very small
device footprints. In our design, the pitch of nanowires in the center is
tuned (tapered section) while keeping the pitch of the nanowires at the
edges constant (reflector section) to make an artificial defect in a 1D
resonator and form a high-Q mode in the photonic bandgap.
Specifically, the tapered section of nanowires is composed of 11 nano-
wires, with the pitch decreasing linearly by 10nm as it approaches the
center, resulting in the pitch of nanowires in the center 50 nm shorter
than the reflector section. The photonic bandgap enables optical con-
finement along the x-axis, and although nanowires are tilted from the
substrate normal, total internal reflection still applies to the other axes
via the nanowire/air interface and silicon/buried oxide interface, lead-
ing to high-Q values.
The cavity properties are studied in detail by three-dimensional
finite-difference time-domain (3D FDTD) simulations (FDTD
Solutions, Lumerical). In all simulations, the refractive index of nano-
wires is set to 3.62, assuming that InGaAs nanowires are employed,
and the indices of silicon and silicon dioxide are adopted from Ref. 24.
The Q factor is calculated from the rate of electromagnetic fields of the
cavity mode decaying inside the cavity. The dimensions of cavity
structures are shown in Fig. 1(b), and the nanowire height (h) is fixed
to 1000nm. Figures 1(c) and 1(d) show representative electric field
profiles when the total number of nanowires (N) is 21 and the nano-
wire diameter is 170 nm. The cavity wavelength is 1306nm, which is a
technologically important telecom wavelength, with the Q factor
around 72 000, corresponding to the spectral full-width at half-
maximum (FWHM) linewidth of 0.02 nm when the cavity is trans-
parent. Besides the high Q factor, the electric field is tightly confined
in the nanowires, resulting in an extremely small mode volume
(Vmode) of [Vmode¼ 0.86  (k/n)3], which is on the subwavelength
scale, and the confinement factor as large as 0.53. Such a high Q factor,
small mode volume, and high confinement factor will all contribute to
low-threshold lasing.25 It is also worthwhile to mention that the foot-
print of the cavity is extremely small around7.2 1.0 lm2.
Next, the effect of the cavity geometry is further explored by 3D
FDTD simulations. The effect of the reflector size (i.e., the number of
nanowires constituting the reflector) is first studied with the nanowire
height and diameter fixed at 1000nm and 170nm, respectively
[Fig. 2(a)]. When the total number of nanowires is 11, meaning that
there is no reflector, the Q factor is small around 260 due to the
weak confinement along the x-axis. The Q factor rapidly increases as
the number of reflector nanowires is increased and saturates around
N¼ 21, meaning that other sources of loss mechanisms such as the
phase mismatch and scattering at the interfaces start to dominate,
while the cavity mode wavelength remains almost unchanged when
the number of reflector nanowires is varied. For example, the silicon
stripe with a trapezoid-shape cross section [Fig. 1(b)] is a source of
loss since the refractive index of silicon is larger than the effective
FIG. 1. (a) Schematic of the proposed nanowire array lasers on (111) sidewall of
SOI (001) and (b) dimensions of the SOI structure. (c) Electric field profiles (jEj) of
the yz-plane and (d) cross section along the dashed plane in (c), showing the tightly
confined field in nanowires.
Applied Physics Letters ARTICLE scitation.org/journal/apl
Appl. Phys. Lett. 115, 213101 (2019); doi: 10.1063/1.5126721 115, 213101-2
Published under license by AIP Publishing
index of the 1D nanowire array, resulting in a phase mismatch.
Reducing the size of the silicon stripe therefore increases the Q factor,
while this might increase the fabrication difficulty.
Based on the cavity geometry and cavity properties derived from
FDTD simulations, lasing threshold of the proposed nanowire lasers
operating at 1310nm is calculated using rate equations when N¼ 21.
The rate equations are modified to reflect optical pumping condi-
tions,12 and the material properties of InGaAs nanowires with their
bandgap overlapping with the 1310nm band are adopted from
Ref. 26, assuming room-temperature operation. The calculated light-
light (L-L) curve in Fig. 2(b) shows a clear kink at the input power of
20 lW, which indicates the lasing threshold of the proposed laser.
Here, we note that the input power represents the power absorbed by
nanowires, not the actual power of the pump beam, and thus, the ratio
of output power and input power in Fig. 2(b) corresponds to the radia-
tive quantum efficiency, not external quantum efficiency. While such a
low lasing threshold has been achieved in air-hole type photonic
crystal slab cavities,27 lasing thresholds of nanowire-based lasers are
typically much higher due to their low Q factor.28,29 Therefore, the
proposed design could bridge the gap and provide a path toward low-
threshold and ultracompact monolithic lasers on silicon.
Another advantage of the nanowire array cavities is that the las-
ing wavelengths can be lithographically tuned by adjusting the pitch
and diameter of nanowires, which has been experimentally demon-
strated on (111) substrates.26,30,31 Figure 2(c) shows that the funda-
mental peak wavelength of the cavity can be increased by either
making the pitch larger or the nanowires fatter since the enlarged
period in real space corresponds to a smaller period (longer wave-
length) in k-space. This implies that there can be multiple combina-
tions of pitches and diameters that exhibit an identical fundamental
peak wavelength. In other words, the cavity wavelength can be kept
constant by increasing (decreasing) the diameter and decreasing
(increasing) the pitch, while it should be noted that the Q factor varies
depending on the cavity geometry. In general, as shown in Fig. 2(d),
the Q factor increases when the diameter is increased or the pitch is
decreased. This is because the fill factor of the cavity (the portion of
nanowire volume) increases in both cases, leading to a higher effective
index of the cavity. The higher effective index corresponds to the
higher index contrast of the cavity with the surrounding environment
(cavity/air and cavity/silicon dioxide), and the higher index contrast
increases the Q factor by reduced scattering due to the total internal
reflection. The only exception shown in Fig. 2(d) is the decrease in the
Q factor when the diameter is increased from 200nm to 210nm when
the pitch is 280 nm. This is because the gap between nanowires gets
extremely small in the tapered section (the distance is only 10 nm
between the center nanowire and adjacent nanowires when the diame-
ter is 210 nm and the pitch is 280 nm), and the offset of 10 nm in the
tapered section induces a large phase-mismatch in this case. In short,
the general design rule to realize high-Q cavities is employing fatter
nanowires with narrower pitches.
It is possible to extend the cavity wavelength to another techno-
logically important telecom band at 1550nm by adjusting the cavity
geometry, while the material composition of III–V nanowires needs to
be tuned accordingly to match the optical gain with the cavity mode
and achieve lasing.26 Such a capability to tune the lasing wavelength
could enable wavelength-division multiplexing (WDM) by integrating
arrays of nanowire lasers with different dimensions on chip. In addi-
tion, the electric field of the cavity mode is aligned to the longitudinal
direction of nanowires, which is rotated by 54.7 from the z-axis to the
y-axis. We point out that the mixed TE-TM mode of the proposed
laser cavity could potentially be utilized for a polarization-
entanglement source that generates quantum-correlated photon pairs
through spontaneous parametric downconversion in the III–V nano-
wires with a high second-order nonlinear optical response.32
Coupling of the on-chip laser with other components is a crucial
requirement for practical applications. Here, we show an efficient cou-
pling scheme to conventional rib waveguides. The waveguide is
attached at the end of the cavity, as shown in Fig. 3(a). The width and
height of the rib waveguide are 440nm and 180nm, respectively,
which supports single mode at telecom wavelengths. The nanowire
lasers coupled with waveguides can be fabricated by the processes
shown in Fig. 3(b). First, an inclined (111) sidewall is exposed on SOI
(001) by standard lithography and wet chemical etching. Next, a verti-
cal sidewall on the other side of the stripe is patterned together with
silicon waveguides by dry etching. A 40nm-thick slab is left to form a
rib waveguide and also potential for electrical connection on silicon
photonic chips. A dielectric mask such as silicon nitride is then confor-
mally deposited, followed by electron beam lithography and dry etch-
ing to expose nanoholes on (111) sidewalls as a nanowire growth
template. Finally, nanowires are grown by selective-area epitaxy, and if
necessary, the dielectric mask can be selectively removed by dry etch-
ing after the nanowire growth.
If a silicon waveguide is directly attached at the end of a nanowire
array cavity when N¼ 21, the coupling efficiency is calculated to be
only 0.23% because the high-Q cavity mode is strongly confined in the
taper section and does not couple to the waveguide. Thus, the coupling
FIG. 2. (a) Cavity Q factor as a function of the number of nanowires. (b) L-L curve calculated from rate equations. (c) and (d) Cavity mode wavelength and Q factor as a func-
tion of the nanowire diameter, d, and the pitch, p.
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efficiency can be enhanced by making the cavity “leakier” toward the
waveguide by removing some of the reflector nanowires between the
taper section and the waveguide. As shown in Fig. 4(a), the coupling
efficiency greatly enhances by removing the reflector nanowires and
making the cavity asymmetric, while there is a trade-off between the
coupling efficiency and the Q factor since efficient waveguide coupling
means more energy loss from the cavity. Figures 4(b)–4(d) show the
electric field profiles of waveguide-coupled cavity modes when three
nanowires between the taper section and the waveguide are removed.
We note that the position of the waveguide for butt-coupling to the sil-
icon stripe is also optimized to maximize the coupling efficiency. As
noted above, the electric field of the cavity mode is aligned to the longi-
tudinal direction of nanowires, and this resulted in the electric field
within the waveguide also being aligned to the same direction, as
shown in the vector field in Fig. 4(b). The coupling efficiency is 41.5%
under this condition, with the Q factor still sufficiently high around
18 000. A scattering at the cavity-waveguide interface is shown in
Figs. 4(c) and 4(d), which implies that the coupling efficiency could be
further improved without deteriorating the Q factor, for example, by
employing the tapered waveguide or optimizing the geometry of the
silicon stripe-waveguide junction. Another possible approach to realize
high Q and high coupling efficiency simultaneously is to employ direc-
tional coupling by placing a waveguide in parallel to the 1D nanowire
array, instead of the butt-coupling scheme shown here. Therefore, if
the proposed laser is utilized in on-chip applications, its high coupling
efficiency will be beneficial for energy-efficient operation, and its high
Q factor will enable both energy-efficient and high-speed operation.33
However, for practical applications, electrical injection will be
required in most cases, which is not demonstrated in this Letter. For
current-injected nanowire lasers, p-i-n junctions with metal contacts
are necessary, and this can be achieved by growing p-i-n nanowire het-
erostructures on doped substrates, followed by dielectric spacer forma-
tion and patterning of top metal contacts. Although these processes
have already shown their effectiveness in fabricating nanowire-based
optoelectronic devices,34 additional challenges are expected in realizing
electrically injected nanowire lasers. First, introduction of metal con-
tacts and dielectric spacers will degrade the cavity Q factor due to
lower index contrast between dielectric and air and also due to the
absorption by metal, resulting in increased lasing threshold. Second,
and more importantly, electrical injection typically induces additional
loss of carriers by nonradiative recombination and Joule heating, com-
pared to optical pumping, and thus, effective heat management is criti-
cal to achieve lasing at room temperature without thermal
degradation. Therefore, careful design of cavity geometry including
metals will be crucial for achieving electrical injection.
In conclusion, we have proposed nanowire array laser cavities on
SOI (001) platforms, which can operate at telecom wavelengths and
can be coupled to waveguides. By monolithically integrating nanowires
on (111) sidewalls of SOI (001), which is exposed by wet chemical
etching, 1D cavities with a high Q factor and compact sizes can be
formed without the need for III–V wafer bonding processes. The oper-
ation wavelengths of the lasers can span a wide range by tuning the
FIG. 3. (a) Schematic of waveguide-coupled nanowire array lasers. Inset: cross
section of the waveguide. (b) Fabrication processes for waveguide-coupled nano-
wire lasers.
FIG. 4. (a) Change in the cavity Q factor and the coupling efficiency by removing
nanowires. (b) Electric field (jEj) intensities and vector field (arrow) of the wave-
guide cross section. (c) and (d) Electric field (jEj) profiles plotted along the dashed
line in the inset, showing the coupled mode profile with the SOI waveguide. The
black line in the inset indicates the boundary of the silicon waveguide.
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cavity geometry, providing a path toward wavelength-division multi-
plexing. The proposed nanowire array laser cavities can be efficiently
coupled to conventional waveguides on SOI chips while maintaining a
high Q factor, suggesting that the proposed nanowire lasers could be a
building block for monolithic light sources on silicon photonic
platforms.
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